Kinzeler NR, Travers SP. -Opioid modulation in the rostral solitary nucleus and reticular formation alters taste reactivity: evidence for a suppressive effect on consummatory behavior. Am J Physiol Regul Integr Comp Physiol 301: R690 -R700, 2011. First published June 22, 2011; doi:10.1152/ajpregu.00142.2011.-The neural control of feeding involves many neuromodulators, including the endogenous opioids that bind -opioid receptors (MORs). Injections of the MOR agonist, Damgo, into limbic and hypothalamic forebrain sites increase intake, particularly of palatable foods. Indeed, forebrain Damgo injections increase sucrose-elicited licking but reduce aversive responding (gaping) to quinine, suggesting that MOR activation may enhance taste palatability. A -opioid influence on taste reactivity has not been assessed in the brain stem. However, MORs are present in the first-order taste relay, the rostral nucleus of the solitary tract (rNST), and in the immediately subjacent reticular formation (RF), a region known to be essential for consummatory responses. Thus, to evaluate the consequences of rNST/dorsal RF Damgo in this region, we implanted rats with intraoral cannulas, electromyographic electrodes, and brain cannulas aimed at the ventral border of the rNST. Licking and gaping elicited with sucrose, water, and quinine were assessed before and after intramedullary Damgo and saline infusions. Damgo slowed the rate, increased the amplitude, and decreased the size of fluid-induced lick and gape bouts. In addition, the neutral stimulus water, which typically elicits licks, began to evoke gapes. Thus, the current results demonstrate that -opioid activation in the rNST/dorsal RF exerts complex effects on oromotor responding that contrast with forebrain effects and are more indicative of a suppressive, rather than a facilitatory effect on ingestion.
CONSIDERABLE EVIDENCE SUGGESTS that the endogenous opioid system modulates feeding and ingestive behavior. Until recently, the focus had been primarily on opioid effects at forebrain sites or after systemic injections. Systemic injections of morphine increase feeding, whereas the general opioid antagonist, naltrexone, attenuates intake (38, 39, 43) . These effects are greatest when the animals are presented with a diet high in sugar or fat, suggesting that opioids can facilitate feeding by enhancing palatability. Experiments using the taste reactivity test support this conclusion. Morphine lengthens (11) , and naltrexone shortens (52) , the length of licking bouts elicited by sucrose, a measure positively correlated with stimulus palatability (15, 68) , whereas systemic morphine reduces the number of aversive reactions (i.e., gapes) to the bitter stimulus, quinine (52) .
Experiments conducted using central injections have begun to establish which brain sites underlie these effects. Similar to systemic administration, infusions of the -opioid receptor (MOR) agonist D-Ala 2 , N-Me-Phe 4 , and Gly-ol 5 -enkephalin (Damgo) into various hypothalamic and limbic regions, including the nucleus accumbens, increase food intake, and alter taste reactivity by elevating the number of licks to sucrose and reducing gaping to quinine (2, 3, 16, 17, 32, 53, 54, 61, 62, 72, 74, 75) .
The effects of brain stem -opioids on feeding and ingestive behavior have not been as extensively characterized, but an important modulatory role is emerging. Damgo infused into the pontine parabrachial nucleus (73) facilitates intake of standard chow, whereas an irreversible MOR antagonist attenuates feeding (71) . MOR modulation of ingestive behavior also seems likely at the level of the medulla; in particular, in the first gustatory relay, the rostral nucleus of the solitary tract (rNST), and the adjacent parvocellular and intermediate zones of the reticular formation (RF). The rNST and RF are anatomically connected and together exert a major influence on taste processing and oromotor integration (5, 6) . Both the rNST and RF contain MORs (40, 47) , and their endogenous ligands, the enkephalins and endomorphins (9, 28, 44, 48, 56) . Indeed, experiments examining the consequences of manipulating MORs near the rNST/RF have demonstrated increases in chow intake (16, 33, 35, 36) . However, facilitatory effects of Damgo were not observed until the 2nd h of testing, and thus, the immediate consequences of MOR manipulation in this region are still unclear. Moreover, the presence of intertwined gustatory and oromotor circuitry in this area of the brain begs the questions of whether there are taste stimulus-specific effects and whether consummatory movements themselves are affected by MOR manipulation. To address these issues, we made small infusions of Damgo targeted for the ventral rNST/ dorsal RF and used electromyographic (EMG) recording paired with the taste reactivity paradigm to assess the immediate effects of MOR activation on sucrose and quinine-driven licking and gaping. Because previous Damgo injections in this vicinity had orexigenic effects (16, 33, 35, 36) , we initially hypothesized that Damgo in the rNST/RF would have similar effects on taste reactivity as orexigenic forebrain infusions, i.e., that it would increase the size of lick bouts elicited by sucrose and decrease gaping elicited by quinine. Instead, the results presented below show that Damgo infusions into the rNST/RF have strikingly different consequences than those arising from forebrain or systemic injections. In fact, the immediate effects of Damgo are to alter the rate, bout size and amplitude of the oromotor behaviors in a fashion consistent with suppression rather than facilitation of consummatory behavior.
MATERIALS AND METHODS
Animals. All procedures were approved by the Institutional Animal Care and Use Committee at The Ohio State University. Fourteen male Sprague-Dawley rats (250 -400 g initial body wt) were used for this study. Animals were housed individually, given ad libitum access to rat chow and water, and maintained on a 12:12-h light-dark cycle. All behavioral testing took place during the light phase.
Surgical procedures. Following overnight food deprivation, animals were deeply anesthetized with pentobarbital sodium (Nembutal; 50 mg/kg ip) and given supplements when necessary to maintain a state of areflexia. Body temperature was maintained at 37°C using a heating pad. After an incision was made overlying the skull, intraoral (IO) cannulas were implanted lateral to the first maxillary molar to allow for controlled delivery of tastants directly into the oral cavity (19) . Subsequently, bipolar EMG electrodes (Teflon-coated stainlesssteel 7-strand wire, A-M Systems) were inserted bilaterally into the anterior digastric (jaw opener) muscles, and the other ends were guided subcutaneously to the top of the head and attached to an Amphenol connector. The rat was placed in a stereotaxic device, two small holes were drilled in the parietal bone posterior to lambda, and the dura was removed to reveal the cerebellum directly above the left and right gustatory rNST. Standard extracellular recording techniques were used to guide the implant sites. The rostral pole of the rNST (initial coordinates 4.5 caudal and 1.8 mm lateral to lambda) was first identified on the basis of multiunit responses evoked by application of 0.1 M NaCl to the anterior tongue. Once identified, the electrode was moved 0.4 mm posterior and 0.3 mm medial to a site responsive to stroking of the circumvallate and/or foliate papillae, which is approximately the center of the gustatory NST. Subsequently, guide cannulas (20-mm length; 26-gauge stainless-steel tubing) were positioned either bilaterally above this location or at the same anteroposterior coordinates at the midline for control placements. To facilitate accurate positioning of the guide cannulas along the dorsal-ventral axis, an electrode/cannula assembly was constructed by inserting a thin, tungsten electrode through the cannula to extend 0.5-1.0 mm beyond the end of the guide cannula. Once the correct location was confirmed electrophysiologically, the guide cannulas, IO cannulas, and Amphenol strip connector were secured to the skull with dental acrylic, and then the tungsten electrodes were removed from the guide cannulas and a 33-gauge stainless-steel tube was used as a stylet. Following surgery, the incision was closed with wound clips, a topical antibiotic was applied, and injections of Ampicillin (135 mg/kg sc), and an anti-inflammatory/analgesic (carprofen, 5 mg/kg sc) administered. Ampicillin injections were continued for two additional days. Rats were provided with a diet of powdered rat chow and pure vegetable oil (Crisco) to encourage weight gain for the week following surgery.
Behavioral adaptation and stimulation. Throughout recovery, the animals were adapted to the Plexiglas testing chamber for ϳ1 h for a minimum of 3 days. During initial adaptation sessions, 50 l of distilled water was infused 3 times through each IO cannula, and EMG activity was evaluated to ensure that the electrodes were securely placed in the anterior digastric muscles. On the last day of adaptation and on subsequent test days, rats received a minimum of nine blocks of IO taste stimulation. Each block consisted of 50-l infusions of 0.5 M sucrose, water, and 0.001 M quinine in that order. This stimulus volume is identical to that used in the classic studies of Grill and Norgren (19, 20) , as well as previous studies from our laboratory and produces reliable, distinct oromotor responses to different tastants (5, 6, 34, 66 -68) . We used these small-volume stimulations, in preference to another common paradigm, 1-min infusions (e.g., Ref. 21) , to facilitate repeated testing before and after drug delivery. One minute following each stimulus, two consecutive water rinses were delivered. Each block lasted 5-6 min, and blocks were separated by a 5-min break. However, when testing was extended beyond 9 blocks to allow for recovery, blocks were then separated by 10 min. For each block, fluid-evoked oromotor movements were videotaped, and EMG activity from the AD was amplified (AM systems, model no. 1700), digitized, processed, and stored (Power 1401, Spike 2; Cambridge Electronics Design, Cambridge, UK).
Drug infusion. All rats received two intramedullary infusions, Damgo and sterile saline, counterbalanced across animals, and separated by two rest days. Rats in the experimental group received bilateral infusions (target dose: 60 nl/30 pmol/side) of Damgo (Sigma, St. Louis, MO) and saline (0.9%) aimed for the ventral border of the rNST. These relatively low volumes and doses were chosen to optimize our ability to observe anatomically discrete but reliable effects. To limit drug diffusion, we used the smallest volume practical for making consistent infusions in awake, behaving animals, one slightly lower than that used in similar experiments by J. Travers and colleagues (5, 6, 67) . The dose was similar to the lower range employed in earlier investigations of behavioral effects of intracranial Damgo infusions made in a variety of brain regions [50 pmol unilaterally in raphe magnus, pain-elicited behavior (51); 60 pmol unilaterally in rostral ventromedial medulla, pain-elicited behavior (63); 97 pmol, nucleus accumbens, sucrose-licking (64); 97 pmol, nucleus accumbens, taste reactivity (61)]. Interestingly, pilot studies suggested that just modestly higher doses (80 -150 pmol/side) than the one that we ultimately chose could produce complete suppression of all oromotor behaviors, which hampered our ability to study the more nuanced effects reported below.
One rat in the anatomical control group received bilateral injections in the vestibular nucleus, and the remaining six received midline infusions at the same rostrocaudal and dorsoventral level as the NST/RF group. In some failed bilateral cases (not presented here), we observed that unilateral injections into the rNST/RF could cause similar effects as bilateral injections. Thus, for five out of six midline controls, we used a unilateral volume of Damgo (60 nl total). However, one midline control received a volume comparable to the bilateral total. Data from the midline control receiving the bilateral volume and another rat that received a bilateral volume but that was not included in the final analysis were indistinguishable from midline controls receiving unilateral volumes (see RESULTS). The vestibular control case was also comparable. Thus, these seven rats were combined into a single control group.
Intramedullary infusions always took place after the third block of testing. Therefore, the first three blocks served as baseline, and the remaining blocks were used to assess drug effects on taste-evoked consummatory responses. During drug infusions, the animals were gently held by a second researcher, and stylets were removed from the guide cannulas. Preloaded infusors filled with either saline or Damgo were used to make infusions into the brain. Infusors were composed of 33-gauge stainless-steel tubing (extending 0.5-1.0 mm beyond the guide cannulas) connected to polyethylene (PE)-10 tubing, which was attached to 10-l glass syringes driven by a microinfusion pump. All saline and Damgo infusions were administered at a rate of 100 nl/min. Rather than relying solely on the pump settings, the actual amount delivered was estimated by measuring the movement of a small air bubble deliberately inserted into the fluid column in the PE tubing. Mean-estimated volumes for Damgo infusions into the rNST/RF were 65 nl/32.5 pmol unilaterally (130 Ϯ 15.9 nl, bilateral), and mean bilateral saline volumes were 145 Ϯ 34.6 nl. Volumes for the control injections of Damgo were 83 Ϯ 10.1 nl/41.5 pmol and 84 Ϯ 7 nl for saline. Following the injections, infusors were left in place for a minimum of 2 min; then they were removed, stylets were replaced, and behavioral testing resumed. Animals were tested for a minimum of 6 blocks following intracranial injections or until drug effects had at least partially recovered.
Histology. After the completion of testing, 2% Fluorogold was infused through each cannula to mark injection sites. Within 10 min after Fluorogold infusion, the animal was injected with a lethal dose of Nembutal (150 mg/kg) and perfused transcardially with 0.9% saline followed by 10% formalin. The brain was removed, and the brain stem was sectioned (52 m) on a freezing microtome into two series and mounted on chromium potassium sulfate/gelatin-coated slides. One series was stained with cresyl violet, and the other was coverslipped with a water-based mountant to preserve fluorescence and to enhance the borders of brain structures viewed under dark-field microscopy. The centers of the injection sites were verified under a fluorescent microscope and were plotted on a summary diagram of coronal rNST sections (Fig. 1) . Because the target for the infusions was the ventral border of rNST, Fluorogold typically extended into both the rNST and dorsal RF. The spread of Fluorogold was similar for several placements that were (unintentionally) implanted a few hundred micrometers more dorsally (in the rNST) or ventrally (in the dorsal RF). Therefore, bilateral placements in the rNST and/or RF were included together in the experimental group.
Behavioral analysis. Both the video and EMG records were used to analyze taste-elicited oromotor behaviors. First, video clips were evaluated frame by frame (20 frames/s), and the times of occurrence of gapes, grooming, and chin rubs were marked on the EMG records. Subsequently, raw EMG records were rectified, integrated (time constant ϭ 20 ms), and then analyzed using custom software in CED Spike 2 (5, 6). The amplitude, rate, and number of discrete rhythmic anterior digastric bursts of activity (i.e., jaw openings) were calculated for the 1st bout of behavior; thus, this measure included both licking and gaping (but not grooming and chin rubbing). The end of the bout was defined as a pause in oromotor responding Ն0.5 s. These measures allowed a detailed assessment of the motor characteristics of the responses without the necessity of categorizing them. Subsequently a more specific analysis of responses representing ingestion (positive taste reactivity) and rejection (negative taste reactivity) was performed by consulting the marked video records in conjunction with the rate and amplitude measures afforded by the EMG; i.e., licks are associated with low-amplitude, 6 -7 Hz jaw openings; gapes with larger-amplitude, slower (3-4 Hz) triangular jaw openings as previously described (19, 68) . In these analyses, we focused on lick bout size (the number of licks), gape bout size (number of gapes), and a relative measure of these two behaviors (duration of gaping/total duration of first bout; G/T), to better assess any sensory-related effects. Licks are typically elicited by neutral (e.g., water) or palatable (e.g., sucrose) stimuli, gapes by unpalatable, bitter compounds, and in both cases, bout size is a positive function of stimulus concentration (15, 19, 68) . For each rat and test session, EMG amplitude was normalized to the amplitude of the water-evoked response during the second baseline block. To simplify analyses, statistics were conducted on the basis of mean data calculated for three sets of blocks: those preceding drug delivery (blocks 1-3, "baseline"), those immediately after drug delivery (blocks 4 -6, "postdrug 1"), and the last 3 blocks (blocks 7-9, "postdrug 2").
Statistical analysis. All statistical analyses were performed using Systat (versions 12 and 13). Statistical significance was defined as P Յ 0.05. ANOVAs were first conducted for rate, amplitude, and number of jaw openings (bout size) without regard to whether they were licks or gapes. Subsequent analyses focused on the numbers of licks and gapes (lick bout size, gape bout size) and proportion of time spent gaping (G/T). Initial AVOVAs included location (rNST/RF vs. control) as a between-groups factor and stimulus (sucrose, water, quinine), block (1-3: baseline; 4 -6 postdrug 1; 7-9: postdrug 2), and condition (Damgo vs. saline) as repeated-measures factors. When appropriate main effects and/or interactions were obtained, subsequent ANOVAs analyzed NST/RF and control groups separately, and then ANOVAs for individual stimuli were carried out. Finally, when block ϫ drug interactions were obtained for individual stimuli, paired Student's t-tests compared saline and Damgo conditions for a given location, stimulus, and block. To simplify the text, only the significant drug or significant interactions of the drug with other variables are routinely presented.
RESULTS

Overview of placements.
Fourteen animals were included in the main analysis examining the effects of Damgo in the rNST/RF on fluid-evoked licking and gaping: seven with bilateral placements in the rNST/RF and seven with control injections either medial (n ϭ 6; unilateral) or above (n ϭ 1; bilateral) the rNST (Fig. 1) . However, two rats in the rNST/RF group had no or unstable EMG electrodes and had to be excluded from the amplitude analyses. For all rNST/RF sites, the ventral tip of the infusor cannula was in the rNST, dorsal RF, or at the border of these two structures. Medial control locations were 1,012 Ϯ 81 m (range: 700 -1300 m) medial to the medial border of rNST. For the bilateral control placement, injections were made in the vestibular nuclei ϳ200 m dorsal to the rNST. All placements were at or rostral to the level where the rNST leaves the fourth ventricle, with the majority of placements in the center of the rNST (x ϭ 0.5 Ϯ 0.06; with 0.0 defined as the caudal extent of the rNST and 1.0 the rostral pole of the rNST). They are collapsed on a single section representing the middle of the distribution in Fig. 1 .
Characteristics of oromotor behaviors to three taste stimuli. Under baseline conditions, intraoral sucrose evoked an ingestive sequence comprising midline tongue protrusions, lateral tongue protrusions, and small mouth movements. These behaviors were accompanied by rhythmic (6 -7 Hz) bursts of EMG activity in the anterior digastric muscle that correlated with alternating patterns of jaw opening and closing and thus were indicative of licking. Infusion of the neutral stimulus, water, primarily evoked ingestive behavior as well. However, lick bout size was larger for sucrose than water (40 vs. 25 licks; paired Student's t-test, P Ͻ 0.01), consistent with previous work demonstrating a monotonic relationship between bout size and sucrose concentration (15, 19, 68) . In addition to licking, quinine elicited rejection behaviors, including gapes, chin rubs, and paw flails, consistent with many previous reports of bitter-evoked oromotor responses (19) . Bilateral Damgo effects. Bilateral Damgo infusions into the rNST/RF significantly altered fluid-evoked licking and gaping compared with saline injections. Midline or vestibular control injections of Damgo or saline had attenuated or no effects (Fig. 2-5) . Overall, contrary to previous reports demonstrating that activating MORs in the NST facilitates ingestion (16, 35) , our results primarily show that rNST/RF Damgo had a suppressive effect on taste-driven oromotor behaviors. ANOVAs for each measure revealed a significant interaction between block, drug, and location (rate: P ϭ 0.027, normalized amplitude: P ϭ 0.026, bout size: P ϭ 0.003, lick bout size: P ϭ 0.002; proportion of gapes: P ϭ 0.01) or between block, drug, location, and stimulus (number of gapes: P ϭ 0.006), supporting the contention that effects were spatially and pharmacologically specific.
Rate. rNST/RF Damgo significantly slowed rhythmic oromotor movements (i.e., licking and gaping combined) (Figs. 2 and 3A) . A repeated-measures ANOVA for the rNST/RF group yielded significant main effects for drug (P Ͻ 0.0005), and all interactions with drug were significant (P Յ 0.006). During baseline blocks (1-3), sucrose-elicited jaw openings occurred at 6.2 Ϯ 0.09 (Damgo days) Ϫ 6.4 Ϯ 0.24 (saline days)/s. Immediately after Damgo (blocks 4 -6, postdrug 1), the rate dropped to 4.4 Ϯ 0.23/s, a 29% decrease, but after saline, it was similar to baseline (6.6 Ϯ 0.26/s). An ANOVA for sucrose confirmed a drug ϫ block interaction, (P Ͻ 0.01). Similar preinfusion and postinfusion rates were observed for water (ANOVA, water, drug ϫ block: P Ͻ 0.001; Fig. 2A ). Quinine normally elicits both licks and gapes, and this was reflected in a lower rate of ororhythmic movements in the baseline blocks (5.2 Ϯ 0.15/s), which fell to 3.9 Ϯ 0.2 just after Damgo infusion. The relative drop in rate (25%) was somewhat smaller than for sucrose or water, and an ANOVA yielded just a marginally insignificant interaction between block and drug (P ϭ 0.073). Paired Student's t-tests confirmed that Damgo significantly slowed ororhythmic activity for sucrose and water, an effect that persisted to the second postdrug period for the 3-block averages (ϳ1 h). However, when individual trials were inspected, more recovery was evident by the last block. In addition, in some cases, we ran extra blocks to observe more complete recovery. Fig. 4 shows rate data (averaged across stimuli) for individual blocks for a rat with prolonged testing. In this animal, full recovery was evident by the end of the 10th block of testing (7 blocks post-Damgo).
Damgo infused at control sites medial and dorsal to rNST likewise produced rate decrements, but these were greatly blunted compared with rNST/RF infusions (Fig. 3, A and B ; ANOVA: drug, P ϭ 0.016; drug ϫ block, P ϭ 0.002). Fig. 3B shows consistent nominal decreases for each stimulus, but there was a significant block ϫ drug interaction only in the case of quinine (P ϭ 0.001). Moreover, the decrement was much smaller than for the rNST/RF group. Before Damgo, quinine-elicited jaw openings occurred at 5.4/s and during the postdrug 1 period, the rate dropped to 4.8/s, just an 11% decrease. Indeed, infusions made into the midline had minor effects even with larger volumes of the drug. Rate effects were compared for midline control animals receiving unilateral (n ϭ 5; x ϭ 64.4 nl) vs. bilateral (n ϭ 2, x ϭ 131.8 nl) volumes, Fig. 2 . Integrated electromyographic records from an individual rat, illustrating oromotor responses to taste stimuli before and after Damgo. The three taste stimuli are color coded: sucrose ϭ red, water ϭ black, and quinine ϭ blue. The colored boxes highlight 1 s of oromotor activity both before and after Damgo, demonstrating that the rate of responding was attenuated for all three stimuli. For example, before Damgo, rats licked to sucrose at a rate of ϳ7 Hz (7 licks/s), whereas after Damgo, lick rate was reduced to 4 Hz. In addition to the Damgo-evoked rate change, a switch from licking to gaping in response to water also occurred. Black circles denote this switch. A single frame picture from the video records before and after Damgo corroborates the change from licking to gaping.
including an additional animal excluded from the main analysis because of missing saline data. Fig. 5 shows that the two rats receiving larger injections had similarly blunted rate effects as the small volume controls.
Normalized amplitude. rNST/RF Damgo markedly increased the amplitude of fluid-induced mouth movements ( Fig.  3C ; ANOVA: drug ϫ block, P ϭ 0.032). In response to sucrose, water, and quinine, Damgo increased anterior digastric EMG amplitudes by 100%, 140%, and 86% in the postdrug 1 period, compared with baseline blocks. Subsequent ANOVAs revealed significant or nearly significant drug ϫ block interactions for each stimulus: sucrose (P ϭ 0.051), water (P ϭ 0.033), and quinine (P ϭ 0.049), but post hoc Student's t-tests failed to confirm differences between saline and Damgo for either postdrug period, perhaps because of the smaller sample for the amplitude data (n ϭ 5 vs. 7 for the other measures). There was also an increased amplitude after Damgo infusions at control sites ( Fig. 3D ; ANOVA, drug ϫ block interaction, P ϭ 0.042). However, relative to baseline, increments were much less pronounced, ranging from 8% for sucrose to 18% for quinine in the postdrug 1 period.
Burst number/bout size. In addition to slowing the rate and increasing the amplitude, rNST/RF Damgo infusions decreased the numbers of fluid-elicited bursts of anterior digastric activity occurring during the first bout of ororhythmic activity. This effect was stimulus specific, occurring only for quinine and Fig. 3 . Bar graphs depicting effects on rate, amplitude, and bout size before and after Damgo or saline injections into the rNST/RF (n ϭ 7) and control locations (n ϭ 7). The three taste stimuli are color coded: quinine ϭ blue; sucrose ϭ red; water ϭ gray. Results from the Damgo condition are represented with solid bars, whereas data from the saline condition are represented in the bars with hatch marks. Baseline refers to blocks 1-3; postdrug 1 to blocks 4 -6, and postdrug 2 to blocks 7-9. *Significant difference between the Damgo and saline condition for a given taste stimulus. Damgo in the rNST/RF significantly reduced rate of responding to sucrose and water (A) and decreased bout size to water and quinine (E) compared with saline injections. Damgo at control locations had attenuated effects compared with rNST/RF sites; however, Damgo at control locations produced a smaller, but significant suppression of rate in response to quinine (B).
water ( Fig. 3E ; ANOVA, block ϫ drug, P ϭ 0.003; stimulus ϫ drug, P ϭ 0.022; drug ϫ block ϫ stimulus, P ϭ 0.053). Individual ANOVAs confirmed significant interactions between drug and block for quinine (P ϭ 0.003) and water (P ϭ 0.027) but not sucrose (P ϭ 0.291). ANOVAs for the control group yielded neither an effect of drug nor any interaction of drug with the other variables (P Ͼ 0.1; Fig. 3F ).
Licks and gapes. Differences in the rate and amplitude of ororhythmic movements are major characteristics that differentiate licks from gapes, distinctive oral movements signifying ingestion vs. rejection. Thus, the slower and larger mouth movements that occurred after Damgo infusion could suggest an overall switch from ingestion to active rejection. However, in addition to rate and amplitude, gapes are characterized by a unique triangularly shaped mouth opening (19) and a different synergy between the tongue and jaws (68) . Thus, using the additional information from the video records, we explicitly analyzed the numbers of licks and gapes and the proportion of time spent gaping (Fig. 6) . Figure 6A depicts effects of activating rNST/RF MORs on licks. Damgo had a stimulus-specific effect, decreasing lick bout size in response to quinine and water but not sucrose (ANOVA: drug ϫ block, P ϭ 0.001; drug ϫ stimulus, P ϭ 0.01). Subsequent ANOVAs showed significant block ϫ drug interactions for water (P ϭ 0.004) and quinine (P ϭ 0.004) but not sucrose (P ϭ 0.671). Post hoc Student's t-tests verified significant decrements in the postdrug 1 period for water and quinine that extended to the postdrug 2 period for water. Damgo injections at control locations (Fig. 6B) had no effects on licks (ANOVA: drug and interaction of drug with other variables, P Ͼ 0.4). Figure 6C illustrates the influence of rNST/RF Damgo infusions on gapes. Damgo tended to decrease gapes elicited by quinine but to increase the few gapes normally elicited by sucrose and water (ANOVA: drug ϫ stimulus, P ϭ 0.016; drug ϫ stimulus ϫ block, P ϭ 0.019). ANOVAs for quinine and water, however, failed to show significant drug ϫ block interactions. Moreover, there was a significant block ϫ drug interaction (P ϭ 0.046) for sucrose, but t-tests for individual blocks failed to confirm significant differences between saline and Damgo for sucrose during either postdrug period (P Ͼ 0.05). Figure 6D shows comparable data for gape bout size following Damgo injections into control locations. Inexplicably, there was a tendency for more gapes on the Damgo than the saline day, but this tendency was evident prior to intracranial infusions (ANOVA: drug, P ϭ 0.017; drug ϫ other variables, P Ͼ 0.05).
In summary, effects of rNST/RF Damgo on lick bout size were robust, but effects on gaping were less clear. However, because Damgo appeared to influence these behaviors in opposite, stimulus-dependent directions, we attempted to clarify the effects by combining the behaviors in a measure that reflected the proportion of time spent gaping relative to licking (G/T). With this measure, Damgo had clear effects (ANOVA: drug, P ϭ 0.031, drug ϫ block, P ϭ 0.002; drug ϫ stimulus, P ϭ 0.01), significantly increasing the proportion of time the rat engaged in gaping in response to water. This change from licking to gaping was dramatic when viewing raw video and EMG records (Fig. 2) . Before Damgo, the proportion was just 0.02, but following Damgo, it increased more than ϳ10-fold, rivaling quinine during baseline blocks ( Fig. 6E ; ANOVA for water: drug, P Ͻ 0.0005; drug ϫ block, P Ͻ 0.001). Post hoc Student's t-tests confirmed that the proportion of time spent gaping was higher for Damgo than saline during both the postdrug 1 and postdrug 2 periods. Similar trends were evident for quinine and sucrose but were not statistically significant (P Ͼ 0.1). Damgo infused into control sites did not enhance the proportion of time spent gaping ( Fig. 6F ; ANOVA: drug ϫ block ϫ stimulus, P ϭ 0.05 but no drug ϫ block interactions for any stimulus, P Ͼ 0.1).
DISCUSSION
Small, bilateral infusions of Damgo (x ϭ 130 nl total) into the medullary rNST/RF significantly altered taste-evoked licking and gaping compared with injections into the midline or saline injections. Damgo slowed the rate and increased the amplitude of oromotor behaviors. In addition, the sizes of water-and quinine-elicited lick bouts were significantly reduced, and rats began gaping in response to water. This outcome appears to be a complex combination of sensory and motor effects, most likely resulting from -opioid modulation of gustatory and oral somatosensory neurons in the rNST and the oromotor circuitry in the immediately subjacent RF. These effects are distinct from the well-studied consequences of Damgo injections into forebrain structures. Not surprisingly, injections of Damgo into the limbic forebrain have not been associated with obvious motor effects. Instead, Damgo infusions into these structures, in particular, into the nucleus accumbens, cause well-documented increases in the numbers of sucrose-elicited licks and decreases in quinine-evoked gapes, indicative of an increase in stimulus palatablility (53, Fig. 4 . Line graph representing full recovery of a Damgo-evoked rate effect for an individual animal. The single line represents averaged lick and gape rate across all three taste stimuli-sucrose, water, and quinine. Before Damgo, the rate of responding for all stimuli averaged ϳ6 Hz. After Damgo (block 4), rate dropped below 4 Hz. By block 10 (ϳ70 min postinfusion), the rate effect fully recovered to 6 Hz. Notice that before Damgo (predrug baseline) and the recovery phase, standard error bars are large, indicative of the normal rate variation associated with licks vs. gapes evoked by the different taste stimuli (sucrose and water: 6 -7 Hz; quinine: 3-4 Hz). However, immediately after Damgo, the rate of responding to all three stimuli was similar at 3-4 Hz. 61, 62). Although we also observed changes in water and quinine-elicited lick bout size after rNST/RF infusions, these effects consisted of decreases, more consistent with a decline in palatablility. Moreover, there was no change in sucroseelicited lick bout size. Thus, unlike accumbens injections, rNST Damgo infusions do not modulate the sensory signal in a way consistent with an increase in stimulus palatability. Indeed, overall, our results suggest that infusing the MOR agonist Damgo into the rNST/RF suppresses, rather than facilitates, consummatory responses. Furthermore, the Damgo-induced increase in gaping to water suggests that MORs may play an important role in the switch from licking to gaping. To our knowledge, this is the first study that has examined the consequences of manipulating MORs in the rNST/RF on tastedriven licking and gaping, and the first area of the brain where -opioid modulation has attenuated ingestive behaviors.
Suppression vs. facilitation of ingestion. Our results demonstrating that Damgo in the rNST/RF suppresses ingestion contrast with previous work showing that systemic and forebrain injections of MOR ligands facilitate positive taste reactivity responses and intake (2, 3, 32, 37, 43, 53, 74, 75) . They also seem at odds with the facilitatory effects on feeding when Damgo is injected into the parabrachial nucleus (73) . In fact, a series of experiments examining the consequences of manipulating MORs in the vicinity of the rNST likewise suggest that -opioids in the medulla can increase food intake (16, 35, 36) . However, although these previous studies injected Damgo into a similar location as the current study, the volumes and doses were several-fold greater-the threshold dose for eliciting a feeding effect was 2 nmol (unilaterally), a dose about 30ϫ as large as the current bilateral dose (16, 35) and was injected in a volume of 1 l, a volume expected to occupy a sphere with a radius over twice as large as our 65-nl infusions. Considered together with the observation that orexigenic effects were not observed until the second hour after injection, it seems possible that they arose from more distant brain stem structures that also contain MORs, perhaps the caudal, visceral NST. Indeed, a more recent paper by the same group investigated the consequences of blocking MORs using smaller (300 nl) injections of naltrexone into different NST regions (36) and found suppressive effects on intake only at more caudal NST regions, specifically at the level where the nucleus approaches the 4th ventricle. Interestingly, in vitro patch-clamp experiments have shown that Damgo suppresses excitation produced by CCK in the caudal NST, suggesting that this drug can act to reduce satiety signaling (1) . Thus, a reasonable hypothesis is that our experiments unveiled the immediate consequences of manipulating MORs in the more rostral rNST and immediately subjacent RF, whereas the delayed orexigenic effects observed earlier (16, 35, 36) were the result of drug diffusion a few hundred micrometers caudally. Additional experiments are needed to specifically address this hypothesis.
Anatomical substrate of effects. -Opiate receptors are distributed in the both the NST (7, 40, 42, 47) and subjacent RF (42, 46) , and the behavioral effects observed in our experiment are likely the result of activating receptors in either site, or more likely both sites. Control injections above the rNST in the vestibular nuclei or medial in gigantocellularis nucleus of the RF, however, produced minimal effects on licking and gaping. The lack of a gigantocellularis opioid influence is similar to the lack of an effect of GABA A agonists on oromotor behavior when infused into this region compared with their profound effects in the more lateral RF (6) . In the present study, injections for the experimental group were originally targeted for the ventral border of the rNST, but the final location of some placements was farther dorsally in the rNST, and a few were actually in the dorsal RF. In any event, Fluorogold infusions suggested that there was some diffusion into both the rNST and most dorsal RF regardless of the exact placement of the cannula. Moreover, we could not discern any consistent differences in Damgo effects that correlated with the relatively subtle differences in cannula placement. Nevertheless, it is important to note that, in addition to their close proximity, the rNST and RF are anatomically connected. The rNST projects to the underlying RF (10, 23), and these regions interact to produce and maintain rhythmic oromotor behaviors in response to taste stimuli (5, 6) . Thus, although the present injections were not confined within classical neuroanatomical boundaries, they represent effects on a functionally unified substrate (69) . Future experiments that systematically target the rNST vs. the dorsal RF with smaller doses of Damgo or more precise molecular techniques will be required to disentangle the exact origin of the various effects that we observed.
-Opioid mechanisms. At a cellular level, opioids are inhibitory. They exert their inhibitory effects by blocking calcium currents and activating potassium (K ϩ ) conductances (58, 59) and can either act postsynaptically to directly inhibit neurons or presynaptically to suppress incoming signals (27, Fig. 6 . Bar graphs depicting lick bout size, gape bout size, and the proportion of time spent gaping before and after Damgo or saline infusions into the rNST/RF or control sites. The three taste stimuli are color coded: quinine ϭ blue; sucrose ϭ red; and water ϭ gray. Results from the Damgo condition are represented with solid bars, whereas data from the saline condition are represented by hatch marks. *Significant differences between the Damgo and saline condition in response to a particular taste stimulus. Damgo in the rNST/RF significantly reduced the size of lick bouts to quinine and water compared with saline (A). Additionally, Damgo in the rNST/RF increased the proportion of time spent gaping relative to the total bout duration in response to water (E). No significant differences emerged between the Damgo and saline injections for control sites medial to or above the rNST (B, D, F) . 40, 42, 47, 55, 57) . Indeed, in vivo neurophysiological experiments have shown that met-enkephalin, a mixed ␦/ agonist, exerts an inhibitory influence on spontaneous activity and gustatory responses in a subset (ϳ25%) of rNST taste neurons (40) . Furthermore, studies utilizing in vitro slice preparations showed that both -and ␦-opioid receptor ligands reduce excitatory currents in rNST neurons that are elicited by solitary tract stimulation (4, 76) . Such effects could underlie some of the suppressive effects of Damgo on oromotor behaviors, especially the decreases in lick bout size. Interestingly, bout size was affected for quinine and water, but not sucrose, suggesting that Damgo may differentially modulate different types of rNST neurons. Speculatively, it is possible that rNST neurons, robustly responsive to sucrose, are less likely to express MORs or to receive input from afferent fibers with these receptors.
Likewise, it seems plausible that the robust slowing of ororhythmic behaviors after Damgo results from inhibition of RF neurons or their inputs. Pilot work in our laboratory has demonstrated suppressive effects of Damgo on reticular neurons just subjacent to the rNST that are excited by activating muscle spindles in the jaw-closing muscles. Moreover, a similar suppressive effect on rhythmogenesis has been well characterized for medullary respiratory neurons in other reticular regions (13, 18, 22, 29, 45, 50) . In vitro studies have demonstrated that microinjecting Damgo into the pre-Botzinger complex significantly slows respiratory frequency assessed by recording from hypoglossal rootlets (13, 18, 29) . Additionally, in vivo experiments in several mammalian species have revealed that intravenous infusions of opioids can suppress the respiratory rate in intact or decerebrate animals (22, 45, 49) , although rate increases or decreases can occur with localized infusions into different brain stem sites (25, 41, 49) . Together with the current study, these results suggest that opioids act in the brain stem to modulate the frequency of multiple types of rhythmic behaviors.
Besides inhibiting neurons, opioids can work via disinhibition to indirectly excite neurons by suppressing their inhibitory inputs. Disinhibition by opioids has been well characterized in functional studies throughout the central nervous system. For example, as part of the descending pain pathway, opioids evoke their analgesic effects, in part, by inhibiting GABAergic neurons in the rostral ventral medial medulla and periaqueductal gray (8, 14, 24) . In addition to playing a prominent role in the pain pathway, disinhibition by -opioid ligands has been demonstrated in other regions, including the caudal NST. Herman et al. (26) demonstrated that opioids inhibit gastric motility via suppression of GABAergic activity, allowing vagal afferent terminals to release glutamate and excite rNST second-order neurons. Anatomical studies also reveal interactions between GABA and opioids. Throughout the brain, including several brain stem regions, GABA and MORs are colocalized in the same neurons (12, 30, 31) . It seems likely that MOR ligands could modulate GABA release in the rNST/RF as well. GABA neurons and enkephalin/endomorphin fibers are densely distributed in the rNST and RF and have overlapping distributions (44, 48, 56, 65, 70) . Moreover, a recent electron microscopic study suggested that some enkephalin terminals may actually synapse onto GABAergic neurons in the rNST (28) .
Although lacking a direct demonstration, several lines of evidence suggest that -opioid ligands could work through disinhibition in the rNST/RF to produce some of the effects observed here. Both the rNST and RF are under tonic GABAergic inhibition (6, 60) and antagonizing GABA A transmission in the RF with bicuculline causes the small-amplitude, sucroseelicited licking movements to change to the wider, slower movements characteristic of gaping. Interestingly, in the current study, a similar switch was observed for water following Damgo infusions. Taken together, these results imply that opioids in the rNST/RF may suppress GABAergic transmission and that one mechanism underlying the change from ingestion to rejection may be disinhibition.
Conclusions and perspectives. The present study is the first to demonstrate that rNST/RF opioids can suppress ingestive behavior. These effects are opposite to the facilitatory effects reported after Damgo injection into various forebrain and other brain stem sites, suggesting opioids can differentially modulate ingestion depending on their central site of action. The complex effects reported here are likely the result of modulating MORs in the rNST and RF. However, the source(s) of the endogenous ligand for rNST/RF MORs is unclear. Cell bodies immunoreactive for enkephalin and endomorphin are present in the NST (9, 44, 48, 56) , suggesting that one of the major inputs to rNST/RF MORs may be from NST interneurons. Additionally, previous studies have provided evidence for a multisynaptic opioid connection between the rNST and limbic and homeostatic feeding centers, such as the central nucleus of the amygdala and hypothalamic nuclei (16, 36) . Thus, it is possible that activation of forebrain regions trigger the release of opioids in the rNST/RF during altered homeostatic states or after gustatory-visceral learning.
